Abstract. The finite element model of Body in White was built, and the corresponding modes were computed in this paper. These computational modes were then compared with experimental results. The small errors showed that the accuracy of the finite element model can satisfy the computational requirements. Based on the verified finite element model, acoustic cavities in the vehicle were extracted to build a boundary element model. Sound pressure levels at all passengers in the vehicle were then computed, compared and analyzed. Results indicated that the sound pressure curve had 6 peak noises. Using the characteristic frequency weight coefficient and field point weight coefficient, the body panels which made large acoustic contributions to the comprehensive sound field under multi-characteristic frequencies were determined. Finally, the improved genetic algorithm based on simulated annealing was used to optimize the key body panels, and peak noises at researched field points after the optimization were further computed. The computational results were compared with those of the original structure, which presented that the noise was improved at most frequency points in the spectrum and peak noises were suppressed obviously.
Introduction
With the rapid development of light-weight technologies, the dynamic performance of the vehicle has been improved obviously. However, vibrations and noises in the low frequency have also been increased [1] . Loudness of noises in the low frequency was not very large, but long-term noises can very easily cause discomfort and driving safety [2] . Currently, researches on noises in the low frequency have obtained a lot of achievements. Citarella [3] applied the boundary element method to research acoustic responses and panel contributions, and found the panels which had large influences on driver's noises. However, the research was not verified by the corresponding experiment, and measures were not adopted to improve noises. Sung [4] applied the finite element method to analyze noises in the vehicle and considered the coupling between body structures and sound field, finding that the coupling had serious influences on sound field. Langley [5] applied the boundary element method to predict sound radiation in the structure, but the adopted vibration excitation was only the unit harmonic force and did not satisfy actual situations. Chen [6] researched the instant values of sound pressures in 20 Hz~250 Hz based on the same road surface and different speeds, but effective values of sound pressures in the analyzed frequency band were not computed. Ding [7] applied the dynamic substructure method based on vibro-acoustic coupling to research the quantitative relations between noises and parameters of a suspension. Mohanty [8] applied the finite element method and the boundary element method to analyze the sound field of a truck, and computed the structural vibration response, finding that the noise in the vehicle was improved by adding sound absorption materials.
However, the mentioned researches mainly focused on panel contributions to a single response peak. As for a characteristic field point with multiple peak noises, the panel always had different contributions and characteristics to the different peaks, so that its improvement can hardly be determined. Meanwhile, a single field point cannot completely reflect acoustic characteristics of the full sound field, while the improvement of noises at one field point may cause deterioration of noises at other field points. Han [9, 10] proposed that the weighted summarization could be used to compute panel contributions to full acoustic characteristics in the vehicle and obtained outstanding noise reduction effects using the damping technology, but he had not adopted any optimization algorithm to conduct on an optimization analysis. Panel contributions based on acoustic transfer vector method were conducted in this paper. Then, the characteristic frequency weight coefficient and field point weight coefficient which can be used to determine the key panels were proposed. Finally, the improved genetic algorithm was used to optimize the sound field.
Theories of acoustic transfer vector
As the natural characteristics of a system, the acoustic transfer vector was a linear relation between the vibration velocity in the structural surface and sound pressures. When the pressure disturbance was very small, the acoustic equation can be considered as linear. A linear relation can be built between the input and output. In this way, the sound pressure at one point of the sound filed can be obtained as follows [11] :
where: was the acoustic transfer vector, was the vibration velocity in the structural surface, was an angle frequency.
A linear relation between the vibration velocity and the sound pressure can be built using ATV. The physical significance of ATV can be understood as the sound pressure which was caused by the unit vibration velocity. ATV was related to the following physical parameters: geometric shape of the structure, processing of the structural surface, field point positions, computational frequencies and physical parameters of an acoustic medium.
In equation (1) , can be obtained by projecting the structural displacement vector on the normal of the structural surface, as follows:
Ω was a vector matrix of structural modes. ( ) was a vector which was composed of mode participant factors. Therefore, the sound pressure at any point in the sound field can be obtained as follows:
3. The coupling model between vibrations and acoustics
The finite element model
The analyzed body in this paper was composed of some panels. 4-node or 3-node shell elements were used for modeling. Triangular elements occupied 7.8 % of the total elements. ACM2 model was used to simulate the point welding. RBE2 was used to simulate the bolt connection. The finite element model of Body in White was built in the HYPERMESH, as shown in Fig. 1 . The generation of the model occupied 2/3 of the analyzed time and played a key role in deciding whether CAE technology was reliable. Accuracy of the model could directly decide the computational time and accuracy. During modeling, non-bearing structures such as wing panels and bumpers which only had very small influences on structural deformation and mechanical performance were ignored. Technological structures such as assembly holes, steps and round angles which only had very small influences on the structural performances were deleted. Additionally, through mode experiments and CAE technology, the natural frequencies of first 4 orders were compared and taken as the judgment standards. Parameters were modified and set for the finite element model, so that they could reach the optimal. It was shown in Table 1 that the relative errors between experiment and simulation were small. Obviously, the finite element model in this paper had high accuracy and can be used as the model for the further analysis. The mode was shown in Fig. 1 . 
The boundary element model
The boundary element model can be used to compute the sound field of the enclosed cavity and the opened cavity. The boundary element model required shell elements. During computing the sound field in the vehicle, it was generally processed as an enclosed cavity. When the fluid simulation was conducted in Virtual.Lab, behaviors such as reflection, diffraction and refraction of sounds were taken into account. Therefore, errors of the computational results mainly come from inaccuracy of material definitions, insufficient model and boundary conditions. In order to ensure that the largest size of an acoustic element was smaller than 1/6 of the shortest wavelength of the computational frequency, the element length was set to be 60 mm-70 mm. Acoustic meshes shall be basically consistent. The computational accuracy of a fluid model was controlled by most elements, so the size of elements should be uniform. The partial fine meshes cannot increase the computational accuracy. However, meshes can be divided appropriately in a more refined form at these places where the structure model was coupled with the fluid model.
In this paper, the boundary element model was built with the following steps: Firstly, the finite element meshes were enclosed; cavity meshes in the vehicle were extracted; Face command was then used to extract meshes on cavity boundaries; and the simplified seat meshes were also added into the model. Through the experiment, forces which were loaded by the engine onto 4 suspension points were shown in Fig. 4 . The excitation force was applied at corresponding positions of the finite element model in Fig. 1 . Then, the model was input into Virtual.Lab and coupled with the boundary element model in Fig. 3 . Vibration characteristics of the structure were mapped into the boundary element model. In this way, the boundary element meshes can obtain all characteristics of the structural model and realize the vibro-acoustic coupling. 4 field points were set in the boundary element model and stood for driver, co-driver, left passenger and right passenger. Sound pressures at all passengers could be observed. Results were presented in Fig. 5 . It was shown in Fig. 5 that sound pressure levels basically had the same tendencies at 4 field points, where 6 sound pressure peaks were presented, and the corresponding frequencies were 51 Hz, 110 Hz, 245 Hz, 262 Hz, 330 Hz and 382 Hz, respectively. The maximum value of sound pressure levels was more than 85 dB, but the minimum value was only 50 dB. Their difference approached 40 dB, and serious roar sound would be presented in the vehicle. Therefore, it was necessary to take some measures to reduce 6 peak noises.
In order to verify the effectiveness of the computational model, noises were tested in a semi-anechoic chamber, as shown in Fig. 6 . The experimental environment had very large influences on the results. The semi-anechoic chamber as an acoustic lab was used to simulate a semi-free sound field. In the space, there were only direct sounds and primary reflection sounds. The experimental method was shown as follows: in the semi-anechoic chamber, the vehicle stably ran under an idling condition, while sound pressures of driver, co-driver, left passenger and right passenger were tested and recorded. During the experiment, sound pressure signals were collected by a piezoelectric microphone [12, 13] . The experimental system was LMS Test.Lab. Sampling frequency was 25600 Hz and the resolution ratio was 2 Hz. After completing collection, timedomain signals were processed by spectral analysis and compared with computational results. With sound pressures of the driver as an example, results were shown in Fig. 7 .
It was shown in Fig. 7 that the consistency was good, but there were some errors between simulation and experiment mainly because that the boundary conditions of the computational model could hardly be kept consistent with actual situations. Noises were always caused by vibrations of body panels. Therefore, in order to reduce noises in the vehicle, it was necessary to adopt some measures to reduce radiation noises of panels. ATV method mentioned in Section 2 can effectively recognize the panels which made large contributions to noises. Therefore, noises can be effectively improved by taking some measures to these panels. Firstly, acoustic cavity panels were grouped according to functions and characteristics of each panel, as shown in Table 2 . Based on the vibro-acoustic coupling model, the panel contribution was conducted. Contributions made by panels at each field point were shown in Fig. 8 . Contributions made by panels at each frequency point could be obtained through further normalization of these contributions, and results were presented in Fig. 9 . It was shown in Fig. 9 that panel contributions at 6 peak frequency points were not completely consistent. As can be seen from this figure, it was also difficult to recognize the panels which made large contributions to peak noises. Therefore, it was necessary to adopt methods based on the information to recognize the panels which had large influences on noises of multi-characteristic frequency points. e) 330Hz f) 382Hz Fig. 9 . Panel contributions at 6 peak frequency points
Acoustic contributions of multi-characteristic frequencies
Based on the mentioned analysis, different acoustic contributions were made by body panels to field points under different characteristic frequencies. However, the importance of field points and characteristic frequencies in the comprehensive sound field in the vehicle can be relied on, and different weight can be given to every filed point and every response characteristic frequency. An expression of the acoustic contribution was proposed in the paper.
wherein, ( ) was the total contribution of all panels to the comprehensive sound field under multi-characteristic frequencies; ( ) , was the acoustic contribution of all divided panels at a characteristic frequency of a field point ; was the number of characteristic frequencies related to the contribution analysis of panels; was the weight coefficient of each characteristic frequency, which was used to distinguish different importance degrees of characteristic frequencies; and was the weight coefficient of the th field point, which was determined by the importance of this field point in the sound field. This weight coefficient can be determined by the ratio of the sound pressure response at main characteristic frequency of the field point occupied in the total sound pressure response of all field points, and can be expressed as follows:
wherein, , was the sound pressure response of the field point at the characteristic frequency . The influence of panels on the acoustic characteristics of the sound field could be fully characterized by the comprehensive sound field contribution under multi characteristic frequencies in Eq. (4). Its magnitude was applied to represent this panel contribution to the comprehensive acoustic characteristics. Combined with the studied vehicle, the panel area was 18, = 6, = 4; the same degree of attention was paid to every characteristic frequency, =1; in line with Eq. (5), the weights of all field points could be computed and obtained as Table 3 . The comprehensive acoustic contributions of panels were ranked as Fig.10 . It was shown in the figure that panels with ID of 1, 7, 10, 17 and 18 had large influences on 6 peak noises, and the corresponding panels were firewall, back door inner panel, top panel, right side and dash panel, respectively. Therefore, 6 peak noises can be effectively reduced through applying noise reduction measures to these panels, so that the environment can be improved. 
Numerical optimization of noises based on the improved genetic algorithm
Through ATV analysis, panels which had serious influences on 6 peak noises in the vehicle have been recognized. Optimization design of these panels was conducted. As a result, their vibration characteristics can be reduced, and radiation noises can be improved.
Analysis of optimization problems
In the boundary element model, the interior parts were taken into account, and each panel was covered by a layer of damping structure. Therefore, the optimization mainly considered thicknesses of panels and damping materials to improve vibration effects. Stiffness of a panel mainly depended on the first order frequency. Therefore, during optimization design, it was necessary to ensure that the frequency of the optimized panel was more than that of the original structure. In addition, the mass of the optimized panel should not be higher than 50 % of mass of the original structure. Vibration velocities of 5 key panels needed to be optimized, so that it was a multi-objective optimization problem [14] [15] [16] [17] . 
Selection of optimization algorithm
The paper tried to use the genetic algorithm [18] [19] [20] [21] to research this optimization problem. Its necessity was mainly presented as follows.
The genetic algorithm has been widely applied in the multi-objective optimization problem. It was a relatively mature optimization algorithm, and the operations were relatively convenient.
Genetic Algorithm (GA) was a self-adaptive global search algorithm which was formed based on generation and evolution in a natural environment [22, 23] . GA was mainly conducted by operating chromosomes, and it was not directly related with parameters and did not depend on the gradient information. Only a fitness function was applied as an evaluation criterion, and knowledge in other special fields was not required. Random regulations, rather than determined regulations, were used for searching. No special requirement was proposed for the searched space, and derivation was not required. The algorithm had the advantages of simple operation and quick convergence. It was especially applicable to complex and non-linear problems which can hardly be solved by traditional search algorithms. However, the traditional genetic algorithm had two serious defects: premature convergence can take place very easily, and search efficiency was low at later evolution stage. As a result, the result obtained by the final search was always the locally optimal solution rather than the globally optimal solution. The traditional genetic algorithm cannot effectively overcome the premature convergence, so that a lot of current researches focused on finding how to improve the traditional genetic evolution idea. SA algorithm had a simple computation process, strong robustness and good optimization capacity, but performance of the algorithm depended on initial values and was highly sensitive to parameters, while the capability of globally search of optimal solutions was bad. Based on this, we can find that two algorithms were highly complementary. Firstly, SA algorithm made GA select search space in a more suitable direction and can avoid local optimization. Secondly, GA can provide new solutions for SA operators during crossover and mutation. Finally, solutions obtained by SA operators can selectively provide GA with new groups to improve convergence speed of GA. In this way, the hybrid algorithm can obtain the globally optimal solution in a short term. Optimization processes with the improved genetic algorithm based on SA were shown in Fig. 11 .
In addition, the commercial software ISIGHT was used in the optimization in the paper. Modules of genetic algorithm and simulated annealing algorithm were integrated in the software. Through an intermediate program, the simulated annealing algorithm can be integrated into the genetic algorithm. It was unnecessary to separately program a complex program. In this way, time was saved, the computational efficiency was increased, and cost was also reduced. During the optimization, the initial size of the population was set to 45, the crossover rate was 0.95, and the mutation rate was 0.05. As an important parameter in the optimization design process, the fitness reflected the convergence speed of the genetic algorithm. The fitness was changed with the evolutionary generation number. It can be obtained that the fitness value was gradually stabilized when the evolution generation was 75. However, the fitness value in the traditional genetic algorithm was generally stabilized and the result was converged after 240 generations. Therefore, it was presented that the improved genetic algorithm had obvious advantages in the multi-objective optimization.
Analysis of the optimized result
Based on the mentioned optimization, the thickness of each penal can be obtained. The optimized panels were applied in the vehicle to compute sound pressure levels at 4 field points.
A comprehensive indicator was introduced to express the differences before and after optimization because it was aimed at observing the improved effect of multiple field points:
wherein: was the comprehensive noise indicator of multiple field points in the vehicle, and ( ) was the noise spectrum of field point . Comparisons of the interior noise before and after optimization were shown in Fig. 12 . As can be seen from the results, the noise has been reduced obviously. In addition, the total noises at 6 characteristic frequencies before and after optimization were listed in Table 4 . SPLs of each field point were further presented in Fig. 13 , and they were obviously improved. Therefore, the optimization method proposed in the paper was effective. 
Conclusions
The finite element model of Body in White was built, and the corresponding modes were computed in this paper. These computational modes were then compared with experimental results. The small errors showed that the accuracy of the finite element model can satisfy the computational requirements. Based on the verified finite element model, acoustic cavities in the vehicle were extracted to build a boundary element model. Sound pressure levels at all passengers in the vehicle were then computed, compared and analyzed. Results indicated that the sound pressure curve had 6 peak noises. Using the characteristic frequency weight coefficient and field point weight coefficient, the body panels which made large acoustic contributions to the comprehensive sound field under multi-characteristic frequencies were determined.
Genetic Algorithm (GA) was a self-adaptive global search algorithm which was formed based on generation and evolution in a natural environment. This algorithm was outstanding in global search capability but insufficient in the local search capability. Simulated annealing (SA) was an algorithm featured with the outstanding local search ability and widely used in combinational optimization problems. As a result, they were combined to present their mutual advantages and use the global search capability of GA and local search capability of SA. The improved GA was used to optimize this problem in this paper.
Finally, the optimal combination of panel and damping material was determined. It was shown from the computational results of the optimized proposal that the interior noise was improved obviously. Therefore, the panel optimization based on the comprehensive sound field proposed in the paper was effective, which also provided a more complete and systematic optimization method for the vibration noise reduction of body panels.
